Introduction
Concentrator Photovoltaics (CPV) is currently achieving the highest efficiencies in PV [1] and seems to be a promising technology to reduce energy costs from photovoltaic conversion, especially in places with a high direct to global irradiation ratio. Modern CPV modules mostly use Multi-Junction (MJ) solar cells, that is, monolithic stacks of several subcells that are spectrally tuned to collect the maximum power from the sunlight. These subcells are connected in series, hence the changes in the incident spectrum vary the photocurrent of every subcell and influence the current of the device which is limited by the least generating subcell. Consequently, the influence that the spectral variations have on the power generated by a CPV system is of great concern. In particular, it would be interesting to know how the spectrum evolves throughout the year, what the representative spectrum for a particular location is, and how a CPV system could be optimized to maximize the energy harvested in a year. Several approaches have been proposed to account for the spectral influence on the power generation such as the direct measurement of the spectrally resolved Direct Normal Irradiance (DNI) by means of spectroradiometers [2] , the atmosphere characterization based on sun photometers which provides significant parameters like aerosols content and precipitable water [3] , [4] , the atmosphere simulation by radiative transfer models such as MODTRAN [5] , SMARTS [6] or SPCTRAL2 [7] , [8] , the analysis of fill factor variations [9] as a mean to determine the influence of spectrum under operating conditions, or the use of component (or isotype) cells and the associated parameters (Z parameter [10] , [11] , or Spectral Matching Ratio [12] , [13] ). Additional parameters proposed to evaluate spectral distribution of the DNI are Average Energy per Photon [14] , Useful Fraction [15] , Spectral Factor [16] and absolute Air Mass (AM) corrected with altitude [17] , [18] .
A simple and affordable way to spectrally characterize the solar resource in terms of cost and ease of collecting data is to use a set of component cells [19] . A component cell is equivalent to a MJ solar cell in which only one of the subcells is electrically connected. Hence, it behaves optically as a MJ solar cell but the photogenerated current corresponds to the connected subcell regardless of the spectral distribution of the incident light. A set of component cells whose architecture is equivalent to a given MJ solar cell provides an exact or very similar spectral response to the original MJ solar cell. This means that by simply sensing a few photocurrent signals we may fully describe the spectral condition of the DNI as it affects the MJ solar cell. For the case of the widely used lattice matched (LM) GaInP/GaInAs/Ge triple-junction (3J) solar cells, a set of three component cells is needed which must be installed in collimating tubes and track the sun (see Figure 1 ). The complete instrument may be referred to as spectroheliometer and the one used in this paper was developed at Instituto de Energía Solar -Universidad Politécnica de Madrid (IES-UPM) in 2009. The instrument provides three photocurrent values, each one corresponding to one of the subcells, I L,top , I L,middle and I L,bottom , which are the base of the study presented in this paper. The use of component cells offers significant advantages over other characterization instruments.
On the one hand, spectroradiometers allow for a full radiometric characterization, but these instruments have significant drawbacks: their price, drifts in calibration, and the need for continuous maintenance and regular calibration to reduce uncertainty. On the other hand, radiometric simulators such as SMARTS or any other software based on atmospheric parameters require these parameters as inputs, and they are not easily measured. Moreover, they usually require expensive sun photometers, such as the ones used in the AERONET network [20] , or must rely on high uncertain satellite data [21] , [22] .
This paper is structured in three sections. The first begins by reviewing the definition of Spectral Matching Ratio (SMR) [12] . Then, an analysis of the uncertainty associated to SMR is carried out and some examples of SMR application are shown. At the end of the section, results regarding the spectral filtering using SMR for the case of MJ solar cells are presented.
The second section is devoted to the analysis of the spectral variation of the DNI. First, the concept of "MJ equivalent DNI" is introduced as the spectrally corrected DNI for a given MJ solar cell technology. Second, the concept of "spectral efficiency" is presented. Following that, the daily evolution of both parameters, "MJ equivalent DNI" and "spectral efficiency", as well as their relationship with SMR are addressed. Before concluding the section, the analysis of spectral filtering is tackled once again but, in this case, from the point of view of the rating of a complete CPV system (comprising not only the solar cell but also the optics Finally, the third and last section deals with the spectrum evolution throughout a year in a particular place, defining the most representative spectrum by means of SMR indexes, and then proposing a methodology for the optimization of the MJ cells to maximize the energy harvested during a year.
Spectral Matching Ratio definition
The Spectral Matching Ratio (SMR) quantifies a particular irradiance spectrum by comparing it to a reference spectrum, i.e. AM1.5D-G173-03 [23] . SMR is defined as the ratio between the currents photogenerated by two subcells under the spectrum in study, divided by the same ratio under the reference spectrum [13] , [12] , and can be calculated as:
where represents the photocurrent of subcell when illuminated with a particular spectral irradiance distribution and stands for the photocurent of subcell i under the reference spectrum. From now on we will assume that the aforementioned MJ solar cell and the component cells used to determine the set of photocurrents and consequently SMRs are of the same technology, i.e., they have the same relative spectral responses. The results presented in this paper are based on LM GaInP/GaInAs/Ge solar cells but similar results can be obtained with different 3J solar cell architectures.
Although the definition of SMR is similar to that of the Spectral Mismatch Factor (MM) [24] used in the calibration of solar cells, SMR indexes are intended to be used for the evaluation of the spectrum while MM gives an idea about how well a solar cell and a reference cell are matched. MM compares a solar cell under test and a reference cell and, if MM equals one, it means that they are perfectly matched, i.e., both have the same relative spectral response or the relative shape of reference and simulated spectra are the same. However, SMR indexes compares a spectrum to the reference one by means of the photocurrents generated by the subcells of a MJ solar cell and, if SMR equals one, it means that a particular spectrum is equivalent to the reference one in the sense that both spectra produce the same balance between the subcells photocurrents.
Considering, for example, a 3J solar cell and its corresponding component cells, three spectral indexes can be defined: , , where the scripts top, mid and bot stand for the top GaInP subcell, the middle GaInAs subcell and the bottom Ge subcell respectively. Two of these SMRs (one is redundant) form a set of indexes that fully characterize the spectral irradiance for that particular MJ solar cell technology. As stated before, two spectra can be considered equivalent for that particular MJ solar cell when they attain the same SMRs or, in other words, the subcells within a MJ solar cell produce the same current ratios under both spectra. It must be pointed out that this spectral equivalence definition does not consider the absolute value of their corresponding photocurrents. Instruments based on component cells should be used together with an absolute irradiance sensor such as a Normal Incidence Pyrheliometer for outdoor characterization or a calibrated irradiance module or similar with CPV solar simulators [12] .
Consequently, from the point of view of a MJ solar cell composed of n subcells, the spectral variation can be described by n-1 SMR values. In the case of a 3J solar cell, and are preferred over because they decouple fairly well the effects of AM and aerosol optical depth (AOD) , both of which mainly affect the top and middle spectral regions, with the precipitable water PW, which mainly affects the middle and primarily bottom spectral regions [25] . On the other hand, the main contribution to type B uncertainty for the short-circuit current of a component cell is the tolerance of the shunt resistances (0.1 %) . The additional contributions to uncertainty caused by the pointing accuracy of the tracker (0.1° for a solar tracker for radiation measuring instruments) and the resolution of the data acquisition instruments (20 bits and 10 V full scale) can be considered negligible.
Instrument uncertainty
Taking into account both A and B contributions, total uncertainty when measuring short-circuit current of a component cell can be estimated as = 0.22 %, according to [26] .
To determine the uncertainty of the short-circuit current of every subcell under the reference spectrum we should consider the uncertainty of the calibration provided by the manufacturer (3 % for all the component cells) and the uncertainty of the protective window transmissivity , (maximum value of the three component cells 0.35 %). Then = 3.02 % (before rounding to two significant digits as stated in [26] ). Errors due to the differences in the spectral response of the component cells at different temperatures have been neglected.
The uncertainty in the determination of SMR is calculated based on the definition of SMR given in Equation (1): (2) We have determined U SMR = 4.3 %, demonstrating that SMR uncertainty is basically determined by the uncertainty of the calibration of the component cells at reference conditions. 
Example of spectra and SMR
As previously stated, SMR indexes can be used to describe the spectrum of the irradiance incident on a MJ solar cell. As an example, two different spectra (corresponding to midday and sunset of the same day in Madrid) are shown in Figure 2 together with the reference spectrum AM1.5D-G173-03 and the quantum efficiency of three component cells corresponding to a LM GaInP/GaInAs/Ge solar cell. The photocurrent generated by every subcell and the corresponding and parameters are calculated for every spectra showed in Figure 2 ( Table 1 ). The spectral content of the DNI depends strongly on the solar elevation and aerosol content in the atmosphere, which also affects the SMR values [25] . High values indicate blue-shifted spectrum probably caused by low AM values or low aerosol content in the atmosphere (i.e. low AOD). Generally speaking, the lower the is, the drier the atmosphere (lower PW) is, as it is mainly influenced by the water absorption bands. According to the definition in Equation (1), the reference spectrum has SMR values equal to 1. Therefore, the closer the SMRs are to unity, the more similar the photocurrent ratios of the MJ solar cell under the particular spectrum are to their ratios under the reference spectrum.
Spectral filtering by means of SMRs
In order to graphically describe the spectral changes in the DNI in a particular location (Madrid, in this analysis) throughout a year, a 8000 representative spectra have been generated using SMARTS [6] using the following inputs: altitude 695 m, mean air pressure 933 hPa, and an urban model for aerosol. The atmospheric parameters have been swept within the ranges that include 90% of the accumulated irradiation in Madrid, i.e., AOD at 500 nm is between 0.02 and 0.6, PW ranges from 0.3 to 3 cm and AM is between 1 and 2.25 [25] . Other SMARTS parameters with less influence on this analysis, such as ozone or CO 2, have been set to reference spectrum conditions. , spectral matching ratio =1 ±1% and =1 ±1%. Adding the filter =1 ±1% clearly reduces the dispersion of spectra in the top subcell region mainly influenced by AM and aerosols content. Imposing additionally =1 ±1% and =1 ±1% reduces the dispersion in the bottom subcell region, where there are several water absorption peaks.
A first application of component cells and SMRs is the filtering of operating conditions to ensure certain prevailing spectral conditions for both outdoor and indoor measurements and power rating of CPV cells, modules or systems based on MJ solar cells [10] , [13] , [19] , [27] , [28] . This use is widely accepted by the CPV community [29] and it is included in the current draft of the power rating standard [30] . In order to show how SMR filtering reduces spectral dispersion, several subsets of the aforementioned 8000 spectra are represented in Figure 3 after applying consecutive filters, more restrictive at every step, approaching the reference spectrum AM1.5D-G173 which is represented in black. First, spectra whose total irradiance value is within ± 3% of the reference spectrum irradiance (900 W/m 2 ) are shown in brown. This is the only condition that can be limited by means of a pyrheliometer. Second, the condition =1 ±1% is added in green. Latter spectra in light blue are those which besides previous requirements also meet =1 ±1%. It can be noted how well the filtered spectra resemble the reference AM1.5D-G173 when the triple condition is applied (DNI = 900 ± 3% W/m 2 ; =1 ±1%; =1 ±1%).
There is currently an open discussion in the CPV community about the limits of SMR filters to establish prevailing spectral conditions for rating purposes [30] . The suitability of the limits will be discussed later in the paper. In this section we will focus on the probability of occurrence in Madrid of such prevailing conditions for several filter conditions both for DNI and spectra. The study is based on experimental data of minute-resolved SMR measurements using the spectroheliometer throughout 2013. Spurious data caused by tracking misalignment or unstable irradiances (filter conditions: 100<DNI<1100 W·m
)/min) has been removed. In addition, the spectroheliometer calibration has been continuously verified by comparison of the irradiances provided by the component cells to the pyrheliometer under reference spectral conditions given by =1 ±1% and =1 ±1% (to assure low long term drift in the component cells calibration). Table 2 summarizes the number of days per year that each condition is met for two DNI filters (DNI = 900±3% and DNI > 700 W·m -2 ) and two SMR ranges around 1 (±1% and ±2.5%). The condition of DNI > 700 W·m -2 has been defined as 'clear sky conditions'. It must be pointed out that, for the case of Madrid, very narrow filtering (±1% for SMRs) would lead to few days where those outdoor operating conditions are met so, from the point of view of probability of occurrence, wider filters such as ±2.5% may be more recommended for rating procedures. In addition, there is a strong limitation between the filters over the DNI and the SMRs. Due to the climate of Madrid, almost 50% of the days where the double condition =1 & =1 happens, the irradiance is in the range of 900±3% W·m -2 (34 days of 74 to be exact). Under this triple condition the solar spectra resembles the reference AM1.5D-G173 as shown in Figure 3 . In fact, the average values of the DNI for the SMRs=1±ε% filters are between 848 and 864 W·m -2 which shows again that, for the climate of Madrid, a high correlation is found between SMRs close to one and DNI values close to 900 W·m -2 for "clear sky" conditions (DNI > 700 W·m -2 ).
Summarizing this section, the threefold condition ( =1±1%; =1±1%; DNI = 900±3%; W·m -2 ) leads to a solar spectrum in Madrid very similar to the reference AM1.5D-G173, but this conditions only happens about 30 days per year. If the DNI condition is relaxed, i.e., to a simple clear sky condition such as DNI > 700 W·m -2 , prevailing conditions for CPV based on MJ solar cells can be defined, based on SMRs=1±ε%. Accordingly to SMR definition, a bare MJ solar cell would generate the same current under any spectra of the same SMRs, but this is not necessary true for a CPV module or systems including optics or temperature issues. From the point of view of occurrence, SMR ranges of ±2.5% seem to be adequate for limiting prevailing conditions but their suitability must be proved.
3 Using SMR to analyze the DNI spectral variation
Spectrally corrected DNI for a MJ solar cell
For a particular MJ solar cell technology, equivalent direct normal irradiances, B subcell i , are defined as the ratios of the photocurrents generated by each subcell under a particular DNI to the photocurrents of the same subcell under the reference spectrum AM1.5D-G173-03 [19] . In the case of 3J solar cells, a set of equivalent DNIs, B top , B middle and B bottom , can be defined as (3) where is B ref is the reference DNI at which the calibrated value is obtained. Using this definition, two spectra that produce the same photocurrent in a particular subcell can be considered "equivalent" for that particular subcell. Hence, SMR can also be defined using :
For a 3J solar cell, a spectrum equivalent to reference meets the condition B top = B middle = B bottom , which is equivalent to .
A spectrally corrected DNI, for a particular MJ solar cell technology, can be defined to determine the current generated by the device. This MJ equivalent DNI (B MJ ) is defined using the photocurrent generated by the MJ solar cell under a certain spectrum I L , and the photo response under the reference spectrum 
Similar expressions can be obtained in case of a different subcell current limitation at the reference spectrum.
For LM GaInP/GaInAs/Ge solar cells, it can be assumed that the bottom subcell does not ever limit the current of the device under operating conditions [ ]. Then Equation (6) can be further simplified as:
Spectral efficiency of a MJ cell
Taking into account that B MJ is directly proportional to the photocurrent generated by a MJ device, a spectral efficiency factor can be defined as the ratio between that irradiance and the DNI measured with a Normal Incident Pyrheliometer (NIP), B NIP :
For a specific location, η spectral varies throughout the day influenced by the sun elevation and variations in the atmosphere. When the photocurrent balance among the subcells of the MJ device is the same as in the reference spectrum, i.e. B top = B mid = B bot or and , η spectral is equal to one. Note that η spectral could be slightly greater than unity for a particular MJ solar cell technology if such cell performs better under a certain spectrum than under the reference one.
Daily evolution of equivalent DNIs
The plot on the left of Figure 4 shows the daily evolution on a summer day in Madrid of equivalent DNIs (B top , B middle and B bottom ) measured by means of LM GaInP/GaInAs/Ge component cells. In this case, under the reference spectrum, and the bottom subcell generates an extra 60% photocurrent.
At the beginning of the day, AM is higher than at midday, hence, the spectrum is more attenuated at the top subcell region due to scattering of the sunlight in the atmosphere which produces a redshifted spectrum. The same can be said at the end of the day. At midday, when the sun is at its highest elevation the path travelled by the light through the atmosphere is shorter. The equivalent irradiance for the top subcell is higher than for the middle, producing a blue-shifted spectrum. Both periods can be seen in plot on the right of Figure 4 . The two moments of the day at which the spectrum is equivalent to the reference (they produce the same current ratio) are also marked. In them, the three equivalent DNIs are equal (B top = B middle = B bottom ) and both SMRs are equal to one ( and ).
The graph on the right side of Figure 4 displays the daily evolution of the MJ equivalent DNI (B MJ ) along with the DNI measured with a standard pyrheliometer (B NIP ). If the MJ device has been optimized in terms of subcell photocurrent balances for the reference spectrum, its performance under any other spectrum will be lower. This is reflected in a lower value of B MJ compared to B NIP as can be clearly observed in Figure 4 . Only under a spectral irradiance equivalent to the reference ( and ) both B MJ and B NIP match and consequently η spectral = 1. This condition is met at about 8h and 16h for the day shown in mismatch causes a limitation of either the top or the middle subcell current and a corresponding decrease in the spectral efficiency that expresses the photocurrent loss of a MJ device, associated with the current mismatch among the subcells, under a particular spectral distribution of the DNI compared with respect to the reference spectrum. As shown in Table 2 , the triple match situation (B top = B middle = B bottom and and ) in the case of Madrid only takes place in a limited numbers of days per year. However since the bottom subcell does not limit the current of LM GaInP/GaInAs/Ge solar cells for most of the operating conditions, for this technology we can consider a spectrum equivalent to the reference when only B top = B middle ( =1). Nevertheless, while influences neither the photocurrent of the MJ solar cell nor for this cell technology, it does affect the DNI value measured with the pyrheliometer (B NIP ) and consequently the η spectral because it accounts for the spectral region influenced by precipitable water. Therefore limits cannot be completely relaxed when a NIP is used as reference for the DNI, for example for outdoor rating of CPV. This issue is analyzed in detail in the next section. In summary, estimating in conjunction with the DNI from a pyrheliometer is enough to determine the solar cell photocurrent for the LM GaInP/GaInAs/Ge technology but not to evaluate η spectral and the performance of a CPV system. Consequently, must be also monitored and filter limits must be studied.
Spectral efficiency and SMRs
The spectral efficiency η spectral , as defined in Equation (8) , quantifies the lack of proportionality between DNI and the current generated by a MJ solar cell due to spectral mismatch. Figure 5 displays calculated using equivalent irradiances from component cells of LM GaInP/GaInAs/Ge technology and DNI measured in Madrid in 2013 without any DNI filtering. η spectral ranges from 0.2 to values slightly higher than one where one means the same subcell current balance as at the reference spectrum AM1.5D-G173-03. The lowest values of η spectral take place when AM is very high, i.e., at sunset and sunrise. As previously mentioned, it should be noticed that η spectral values higher than one indicate that the MJ solar cell produces more current than it was expected by the DNI measured with the pyrheliometer. For the case of LM GaInP/GaInAs/Ge technology, this happens when mid top is close to one and both, top and middle subcell regions, have higher irradiances than the reference while the bottom region irradiance is lower. This usually happens when the atmosphere has high water content (PW higher than the reference value 1.42 cm), causing a DNI decrease than mainly affects the bottom subcell region. When the condition =1 ±1% is used to filter data, the collection of spectra is substantially reduced (only 7.6% of the spectra passes the filter) and η spectral is limited to 1 ±1.9%. Those spectra are represented by gray points in Figure 5 . If fully defined a solar spectrum for the MJ solar cell, every selected spectrum would have η spectral =1. However, this is not the case because only takes into account the wavelength regions that top and middle subcells can detect. In order to take into consideration also the spectral region related to the bottom subcell, range is also limited to 1 ±1% and represented in red dots. This leads to a significant reduction in the dispersion of η spectral (1 ±0.6%). .86) between η spectral and for values limited to 1 ±1%, as shown in gray dataset. This is caused by the nature of the solar spectrum and how it is modified by water absorption. The plot shows clearly that, for this particular MJ solar cell technology, should be limited to establish prevailing spectral conditions in CPV rating procedures, but not as much as . Once is limited around one, variations as high as 1 ±12% (grey dots) leads to spectral efficiency dispersions of only ±1.9% (std. deviation), which mean values are within ±6.0% with probability higher than 99%. In other words, the sensibility of the spectral efficiency to in Madrid for LM architecture is roughly one half the sensibility to , so filter limits for could be twice ones.
The main motivation to increase the limits of SMR filters is to increase the probability of occurrence of a certain prevailing spectral conditions, allowing filtered data under a wider range of other operating variables such as ambient temperature. However, it must be taken into account that, given a set of spectra data which corresponds to a period of operating conditions, the error in η spectral may depend less on the limit range for SMRs than in the average value of the SMRs for the data collection, which could be the dominant source of error with wider SMR filters. For instance, if = 1 ±5% is considered as filter condition, the impact on the rated value would be quite different if the average value of for the data collection is 1.0 (no bias error) or 1.03 (bias error of +3%). As a consequence, wider SMR filters should also include some consideration about the average value of the data collections. The Table 3 shows the dispersion of the spectral efficiency for different SMR filters, showing that the average value of η spectral is close to one regardless the width of the filters, under the condition of SMR averages close to one for the data population. 
CPV power rating: spectral filtering by means of SMRs
Up to now, the analysis carried out has been focused on the relationship between a bare MJ solar cell and the component cells of the same technology based on the fact that both, the MJ solar cell and the set of component cells, have identical relative spectral response. However, a CPV system is composed not only of MJ solar cells, but also optics. Hence, spectral effects caused by the optics [31] , [32] (chromatic aberration, material transmittance) may play an important role that cannot be neglected. Additionally, there are temperature effects that also have a significant impact. In the first place, the operating cell temperature of the MJ solar cells will be different than that of the component cells, which affects the spectral response of the devices. In the second place, the lens temperature may significantly affect its effective focal distance and color mixing [33] - [36] which also affects the light spectrum over the cell. Obviously the impact of these issues depends on the type of CPV module, mainly its optical design (refractive vs. reflective, number of stages, geometrical concentration, etc).
Taking into account that SMRs are obtained by means of bare component cells and the effects described above, the condition and (the reference SMR condition) does not produce equivalent spectra to the reference one for a CPV module because the photocurrent balance may differ due to optical and temperature effects. But the question that we are trying to answer is whether that condition could ensure repeatable spectral conditions for the CPV module and consequently repeatable power rating of the CPV module under that condition. As seen before, the reference SMR condition leads to solar spectra that resemble very much the reference AM1.5D-G173-03 if the requirement of DNI close to 900 W·m -2 is added, but not necessarily if the DNI range is wider.
For rating of CPV modules and systems, the approach currently used by several laboratories [29] , [37] consists in keeping the pyrheliometer as reference instrument to account for the incoming DNI and use the component cells to determine prevailing spectral conditions by filtering and values around one. This approach is also currently included in the draft of the IEC 62670-3 standard [30] focused on the performance measurements and power rating of CPV modules.
The analysis we will show is based on a 15 kW CPV array installed in Madrid, using two-stage refractive optics and 3J solar cells working above 800X [38] . First, we will focus on the power rating of the array at Concentrator Standard Operating Conditions (CSOC) [39] . The objective is to rate the power of the array at CSOC in the short term, carried out for only a few days after its installation and set-up. Figure 6 shows the current at the maximum power point normalized by DNI for a couple of days with different filters applied. The current at maximum power point has been represented instead of power itself to avoid further data correction due to temperature issues. It must not be forgotten that the spectral distribution of the irradiance at the entrance aperture of the CPV modules will influence the fill factor FF and thus the power of the MJ solar [9] . The current at maximum power point accounts at least partially for this effect and is much less sensitive to temperature variations than voltage and consequently power. Nevertheless, for the example case detailed above, relatively constant cell temperatures are expected for the filtered data which obtained in steady state conditions and with relatively constant ambient temperature and wind conditions during the two days, so power will be also analyzed for comparison. ). Brown triangles represent the addition of the condition =1±1%. The requirement =1 ±1% has been added for green marks. Table 4 collects the average values and their dispersion obtained for the rated current and power at the maximum power point. Both Figure 6 and Table 4 show the high dispersion of rated values when the only condition of clear sky (DNI>700 W·m -2 ) is applied (purple dots). If the spectral filters are added, based on SMRs obtained from spectroheliometer data, standard deviation are decreased to values as low as 0.7% and 0.2% for one (brown circles) or two (green markers) SMR conditions of ±1% respectively. Even for the case of SMR filters of ±2.5%, the dispersion achieved in the rated current is well below ±1%. Regarding power dispersion, results are very similar, proving that FF variations caused by spectral changes mostly effect the current at maximum power. The same analysis has been carried out over a longer period to better show the strength of the SMR filters. Results of one year data are shown in Figure 7 and Table 5 . It should be noted that data are affected by the soiling in the array, since array cleaning happened only through natural washing by rain, which may limit the evolution of the dispersion values. Despite this limitation, the reduction in the dispersion of the rated values when using SMR filters is clearly observable in Figure 7 . 4 Spectral characterization of a place. Energy losses due to spectral variation Several authors have analyzed the effect of spectral variation on the annual current produced by a MJ solar cell in a particular location using some representative spectra [40] , [41] or radiative models as MODTRAN [5] , SPCTRAL2 [7] , [42] or SMARTS [8] , [43] - [45] . However all these models have the limitation that they use as inputs the atmospheric parameters whose measurement is complex and commonly require expensive instrumentation. As has been remarked before, the spectral efficiency η spectral is a simpler approach presented in this work which also allows for the validation of the aforementioned models.
The spectral efficiency η spectral accounts for the photocurrent losses caused by the differences between the spectral distribution of the DNI at every moment and the reference spectrum. When the spectral efficiency is integrated over a period of time t, an estimation of the collected energy taking into account spectral mismatch, η spectral,t , can be calculated as: (9) The evolution of the spectral efficiency throughout a sunny day was presented in Figure 4 . The gray area represents the difference between the daily integrated values of DNI and spectrally corrected DNI (B MJ ) respectively. The ratio between both integrated values represents the losses in the current of a MJ solar cell due to spectral variation over a certain period of time, a day in this particular case. For example, for the day shown in Figure 4 , η spectral,day is 94.2%, so the current losses due to changes in the solar spectrum, compared to the reference spectrum AM1.5D-173-03, are 5.8%.
The atmosphere changes throughout the day and the year, usually showing periodical patterns caused by local characteristics. Monthly averages of η spectral can be obtained for a certain location and solar cell technology if enough experimental data is available. This information can be applied to CPV modeling and energy prediction for a specific location [7] , [8] , [40] - [43] , and it could be used together with the information provided in radiation databases to forecast the energy harvested by a CPV system. Figure 8 shows the spectral efficiency in Madrid integrated over every month for three years (2012-2014) and Table 6 presents these values, including the annually-integrated value per year. The annual average for the three years is 0.95, so around 5% of current losses in that particular MJ solar cell technology are caused by spectral mismatch. For the complete CPV system the change in the transmittance of the optics may increase or reduce these losses. 
Annual energy distribution versus SMR
Besides the annual and monthly integrated spectral efficiency for a particular location, it is also useful to define a energetic representative spectrum for a place. This spectrum could be used to optimize a CPV module, for example, by tuning the photocurrents [42] , [44] , [45] generated by every subcell or by adjusting the optical design [33] . The optimum photocurrent ratios I ratios that maximize energy harvesting at a certain location may not be the ones that maximize the current of the device under AM1.5D-G173-03, represented by SMR values equal to one. Strongly influenced by local climate, the majority of the energy may be found at SMR values different from one, e.g., at high altitude locations with clear sky the most probable situation is > 1. Therefore, the middle subcell would limit the current of the device most of the time. As a consequence, the value that maximizes the annually harvested energy for that particular location would be lower than one.
The representative SMRs for a given location can be calculated by integrating the SMRs weighted by the direct normal irradiation , over the whole year (10) The distribution of the annual direct normal irradiation as a function of and is shown in Figure 9 for Madrid in 2013 with minute resolution. Both SMRs define a mesh whose size is 100x100 bins with a resolution of 0.005x0.005. The false color map represents an indication of the direct normal irradiation that is received in Madrid for every combination of SMR values.
The dot in Figure 9 indicates the SMR barycenter, that is, the weighted average of the direct normal irradiation in spectral coordinates ( and ) which are respectively 0.96 and 1.00. It must be pointed out that both values are very close or equal to one, which indicates that the reference spectrum AM1.5D-G173-03 is quite suitable to optimize a LM GaInP/GaInAs/Ge MJ solar cell for the climate of Madrid. 
Spectral optimization of a MJ solar cell for a particular location
The most direct way to optimize a MJ solar cell consists of tuning the subcell bandgaps so that the current ratio equals one under the reference spectrum. Alternatively, some authors [42] - [45] have used a set of spectra representative for a particular location to determine the ratio that maximize the current produced by that MJ solar cell throughout the year. They used modeled spectra based on radiative models feed with atmospheric parameters. Instead, we propose here to use measurements obtained with a spectroheliometer to determine the optimum .
The annually energy weighted and can be used to estimate the that would maximize the current generated by the corresponding MJ solar cell technology throughout the year in a certain location. The set of can be calculated using the definition of SMR given in Equation (1) . Then, we can obtain an expression where depends only on the annually energy weighted current ratio between subcell i and j ( ) and the current ratio of the same subcells under the reference spectrum ( ), according to: Maximizing the current generated annually in a particular place implies setting equal to one. Hence, the optimum value for the subcell photocurrent ratio under the reference spectrum for that particular location, , is
This can be understood as follows. For the sake of clarity the discussion is based on the top and middle subcells photocurrent ratio but it will be equivalent for the middle and bottom. If for a certain location and MJ solar cell technology is higher than one, it means that the direct normal irradiation is, in average, blue-shifted and the MJ current is most of the time limited by the middle subcell. In this situation it would be convenient to tune the to a value lower than one so the time throughout the year when the middle subcell is limiting would be reduced.
This optimization of presented here ignores some aspects that should certainly be considered to optimize the energy annually harvested by a CPV system. Among them, the most important are the effects of temperature dependence of the optics transmittance [34] - [36] [46] and the impact of cell temperature on the spectral response [47] . Our approach to include both effects will be published in a following article.
A more complete analysis should also account for the effect of the optics on the spectral distribution on the MJ cell [46] , the change on the transmittance due to temperature variations on the optics [34] , [36] or the real operation cell temperature [47] . This study should be also extended to other cell MJ technologies, particularly those with very different subcells bandgaps or higher number of junctions.
Conclusions
A spectroheliometer composed of component cells has been presented as a simple and effective instrument to quantify the spectral variation of the DNI and its influence on MJ solar cells and CPV systems. This instrument provides experimental data to obtain the Spectral Matching Ratios (SMRs), a set of spectral indexes that quantifies any particular spectra by comparing it to a reference spectrum.
The first use of these SMR indexes is filtering of operating conditions, providing a simple way to determine prevailing spectral conditions by keeping SMR values around one. This approach has proved a significant reduction in the dispersion of the rated current of CPV cells, modules and systems based on MJ cells. The study of the site of Madrid has revealed the probability of the occurrence of the prevailing spectral conditions according the range of the SMR filters, which is one of the open questions in the CPV community. Ranges of ±1% for the SMR filters showed dispersion values of the rated current at the maximum power point as low as ±0.2 % for a 15 kWp CPV array during a rating period of two clear-sky days, while simple clear sky condition of DNI higher than 700W·m -2 leaded to dispersion values as high as ±7 %. Higher ranges of SMRs ±2.5% showed also very good results (±0.6 %), with the clear advantage of a much higher probability of occurrence, but it should be accompanied of further conditions for the average SMRs of the population of data to avoid possible bias error.
